two-dimensional materials (NB2DMs) beyond graphene such as transition metal dichalcogenides (TMDs) exhibit excellent optoelectronic and mechanical properties as well as high theoretical specific capacity, which make them become the promising building blocks of flexible energy devices related to energy conversion and storage. Compared to graphene with zero band gap or traditional friable materials such as Si, these NB2DMs are more suitable to construct flexible devices as active layers of optoelectronic devices or as active materials for batteries. The present review focuses on the recent advances in bendable energy devices based on NB2DMs, including batteries, supercapacitors (SCs), solar cells, photodetectors and nanogenerators (NGs). The NB2DMs pave a new way to construct next-generation flexible energy devices with improved performance and we believe that those devices will be seen in our daily life and change our lifestyle in the immediate future.
INTRODUCTION
Nowadays, wearable equipment plays an important role in our daily life [1] [2] [3] . The development of these electronic equipments, such as wearable devices, rollup displays and bendable mobile phones has caught the great interest of the flexible applications. Among them, flexible energy device related to energy conversion and storage is one of the most significant fields on account of the global energy crisis and the requirement of portability. Batteries, supercapacitors (SCs), photodetectors, solar cells and nanogenerators (NGs) have attracted enough attention of researchers. These devices could exhibit stable performance after repeated stretching [4] [5] [6] . Certainly, each component of the flexible devices, such as active layers of the optoelectronic devices and current collectors of the batteries, should be mechanically stable and flexible [7] [8] .
Furthermore, the active materials should also possess good electrical conductivities, high theoretical specific capacity for energy storage applications [5] or sizable band gaps, high quantum yield for optoelectronic devices related to energy conversion [9] . Two-dimensional (2D) materials usually exhibit excellent mechanical properties owing to their atomic thickness, which makes them become the ideal candidates of the flexible devices. As the first 2D material with good electrical properties, graphene has attracted significant attention as the conductive electrodes of the devices [5] . However, it is unsuitable for graphene to serve as the promising active materials in the energy applications due to its gapless property [10] and low theoretical specific capacity [11] . Nevertheless, newborn two-dimensional materials (NB2DMs) beyond graphene such as transition metal dichalcogenides (TMDs) and black phosphorus (BP) could satisfy these devices owing to their unique and attractive plastic, electrochemical and photoelectrical properties [12] [13] [14] .
These planar materials generally exhibit tunable band gaps related to thickness, which makes them promising candidates for flexible optoelectronic applications [15] . Meanwhile, larger interlayer spacing, high theoretical specific capacity and power density make them very suitable in stretchable energy storage devices [16, 17] . Induced by their excellent mechanical properties [18, 19] , the NB2DMs have been investigated in several flexible applications, such as batteries [20] , SCs [21] , photodetectors [22] , etc.
Here, we reviewed the recent progress of the NB2DMs-based flexible devices related to energy conversion and storage. In the first part, we summarized the latest successful examples of flexible batteries and SCs based on these materials with high theoretical specific capacity and power den-sity. In the following section, we presented the improvement of the NB2DMs-based flexible devices related to the energy conversion. Finally, we briefly outlined the recent achievements in the flexible energy applications based on these materials.
FLEXIBLE DEVICES FOR ENERGY STORAGE
To meet the demand for rapid development of portable, and wearable electronic devices, extensive efforts have been devoted to developing flexible energy storage application [23] . Those devices, such as flexible lithium ion batteries (LIBs) and SCs, can be utilized to store energy without dramatic decrease of their performance when subjected to repeated bending, folding and stretching. Graphene materials with excellent mechanical flexibility and conductivity possibly can provide the devices with good performance [25, 27] . However, when mixed with active electrode materials, graphene will diminish energy density and power density of flexible devices. Thus, tremendous research has been devoted to developing flexible energy devices based on the NB2DMs. Similar to graphene, MX 2 (M = Ti, Nb, Mo, W, Ta; X = S, Se, Te) and BP with strong in-plane bonds and weak out-of-plane bonds have received considerable attention for lithium redox reversibility and higher theoretical specific capacity [16, 28, 29] . The larger interlayer spacing between the NB2DMs layers allows reversible and rapid ions intercalation and deintercalation without any significant change in volume [17] . Furthermore, the NB2DMs with excellent flexibility can provide the devices with exceptional performance under bending or stretching conditions. This section was organized in two main parts, flexible batteries and SCs. The advancements and the challenges of the NB2DMs devices for energy storage were discussed and summarized.
Batteries
A battery is an energy storage device that can transform chemical energy into electricity. In order to satisfy the rapidly increasing demands of ever new portable devices, it is urgently required to develop advanced flexible batteries with outstanding electrochemical performance [30] , such as flexible LIBs, flexible sodium ion batteries (SIBs), flexible lithium-O 2 batteries, flexible lithium sulfur batteries (LSBs) and so on. An ideal flexible battery is commonly composed of flexible electrode materials with higher theoretical capacity, while separators, electrolytes and packing materials are usually bendable polymer films [4] .
Lithium ion batteries
LIB is one of the rechargeable battery types in which lithium compound is selected as the electrode material. The working principle of the internal LIBs is based on the chemical reaction of lithiation and delithiation process for the electrode active materials [7] . Due to the high energy and power density, high operating voltage, low self-discharge rate and relatively long-term cycling stability, LIBs become one of the most attractive power sources of plenty of energy storage devices [16, 31] . Conventional LIBs are hard to satisfy particular requirements of flexible electronics in tough environmental situations, for electrode active materials are usually mixed with conductive additives and polymer binders [16] , thus materials are easily separated from each other and affect the performance of the flexible LIBs. Flexible LIBs not only need to show excellent electrochemical performance and safe operation but also to exhibit superior flexibility. The softness, bendability and high capacity of the nanostructured NB2DMs render them as the potential candidates of the flexible LIBs. In order to make flexible batteries get better practical applications in the daily life, many efforts have been devoted to realizing mechanical flexibility of the NB2DMs-based batteries.
Electrochemical active materials, electrolytes and collectors are three main parts, which are widely studied in flexible LIBs [32] . Among the various functional electrode materials explored for flexible LIBs, the NB2DMs have gathered increasing attentions. MoS 2 , a kind of TMDs with the similar layered structure as graphite, allows reversible Li + intercalation/extraction and it possesses an ultrahigh theoretical specific capacity of 670 mA h g -1 (based on 4 mol of Li + insertion). It is usually much higher than that of graphene (usually in the range of 200 to 500 mA h g −1 ) [24, 29] , which makes MoS 2 the most popular next-generation materials in LIBs [20] . Chen et al. [24] introduced Fe 3 O 4 nanoparticles into MoS 2 nanosheets to achieve superior electrochemical performance (Figs 1a and b) . A flexible MoS 2 /Fe 3 O 4 composite anode was synthesized by a facile hydrothermal method, the morphology of the obtained MoS 2 nanosheets was similar to that of graphene [33] . In this work, MoS 2 nanosheets functioned as flexible substrates, and Fe 3 O 4 nanoparticles were good spacers in this composite anode. The composite was capable of accommodating the volume changes during cycling, thus facilitating electrolyte penetration and faster lithium ion transport throughout the electrode. And during the subsequent electrochemical tests, the battery shows superior cyclic and rate performance, and enhanced reversible capacity of 1033 mA h g -1 (2000 mA g -1 ) and 224 mA h g (10,000 mA g -1 ), respectively (Fig. 1c) . 2D MoS 2 holds great potential in flexible energy storage for higher capacity and as flexible substrate.
Reduced graphene oxide (rGO) with excellent flexibility and good electrical conductivity, attracted increasing and considerable attention for fabricating flexible electrodes [34, 35] , however, its low capacity limited its final application [36] . WS 2 is an attractive 2D layered anode material and its theoretical specific capacity (433 mA h g -1 ) is higher than that of graphene, but it also suffers from severe restacking and low electronic conductivity during electrochemical reaction [25] . To solve this, Liu et al. [25] developed a simple filtrated assembling method and hydrothermal reduction process to prepare flexible lamellar WS 2 /rGO paper. When it functioned as binder-free anodes for LIBs, the composite paper demonstrated good flexibility (Fig. 1d) . In uniform hybrid structures, rGO nanosheets with high conductivity greatly facilitate the transfer of electrons and ions, and efficiently prevent the restacking of electrochemical active materials during the electrochemical Li + insertion/extraction reaction. The hybrid electrode delivers a high initial discharge capacity of about 1154.1 mA h g -1 (Fig. 1e ) and a charge capacity of 619.3 mA h g -1 (at a current density of 100 mA g -1 ). And it also presented excellent cyclic stability and superior rate capacity. After 100 cycles, free-standing composite elec-trode still delivered a capacity of 697.7 mA h g -1 . 2D WS 2 sheets with uniform layer structure indicate the potency as binder-free anode materials for flexible LIBs in the future technological innovation.
In addition to these rapid developments of 2D materials for flexible LIBs, atomically thin BP, has recently been considered as a reliable anode material in LIBs. BP possesses a high theoretical specific capacity of 2596 mA h g -1 , which is approximately 7 times that of the widely used graphite (372 mA h g -1 ) [11] . Recently, Chen et al. [26] reported their scalable and clean production method for BP. Few-layer BP nanosheets were exfoliated in water via fully utilizing the hydrophilic nature of BP crystals. Then the obtained materials were combined with highly conductive graphene sheets via a vacuum filtration. Owing to great mechanical robustness, the BP/G hybrid paper exhibited superior flexibility, which can be bent to nearly 180°without any breaking (Fig. 1f) , which demonstrates the great potential in the future flexible energy storage. When BP/G hybrid paper was employed as anode in LIBs, it exhibits the electrochemical lithium storage capacity as high as 920 mA h g -1 at 100 mA g -1 , while for individual BP nanosheets and G paper electrodes, the capacities drop to 180 mA h g -1 and 435 mA h g -1 , respectively (Fig. 1g ). In addition, hybrid papers also demonstrate a perfect synergistic effect and great improvement of rate capability and cycling performance. BP fully indicates the potential use as flexible LIBs electrodes and further demonstrates the advantages of the NB2DMs for flexible electrochemical energy storage applications and it will open up more applications for flexible LIBs.
Sodium ion batteries
As a main power source for portable electronic devices, LIBs lie at the forefront of the present energy storage technologies [37] . In contrast to LIBs, SIBs have attracted increasing attention due to their wider availability, lower cost and similar insertion chemistry property, which makes SIBs a promising candidate for the large-scale energy storage [38] . Sodium is the second advantageous element for battery applications besides lithium and it exhibits a rather negative redox potential of 2.71 V vs. SHE and a very small electrochemical equivalent (0.86 g A h -1 ). Thus, in the past few years some researches have been turned to the development of SIBs [38] . However, it is well known that Na + radius is ca. 55% larger than that of Li + ions [41] , which induces larger volume change during the Na + intercalation/deintercalation process. And it is hard for Na + to form staged intercalation compounds with graphite [42] . Among the various electrode materials explored for flexible SIBs, TMDs with a much larger interlayer spacing have aroused widespread attention for the same layered structure as graphite. An interlayer spacing of bilayered MoS 2 is 6.15 Å (3.35 Å for graphite). The extremely weak van der Waals interaction and the larger interlayer distance of MoS 2 [17] are crucial for sodium ions to efficiently intercalate and deintercalate without significant volume expansion. David et al. [37] developed a free-standing flexible electrode which consisted of acid-exfoliated MoS 2 nanoflakes and rGO matrix. The flexible composite papers were fabricated by a simple vacuum filtration of homogeneous dispersions, and thermal reduction. In addition, flexible composite layered papers were also subjected to mechanical tests involving static uniaxial tensile to evaluate the tensile strength and strain to failure parameters (Figs 2a and b). 40MoS 2 (40MoS 2 and 60MoS 2 for pristine rGO paper and rGO with 40% and 60% of MoS 2 in the total weight of the paper, respectively.) exhibited higher fracture strength of approximately 7.8 MPa and modulus of about 424 MPa than those of 60MoS 2 , which demonstrates the flexibility of 60MoS 2 is better than that of 40MoS 2 . And 60MoS 2 showes a high average strain to failure reaching approximately 2% and mechanical strength is only 2-3 MPa, showing an obvious improvement of mechanical stability. When flexible MoS 2 /G composite papers were evaluated as counter electrodes in SIB at room temperature, good cycling performance, stable charge capacity (230 mA h g -1 ) and high coulombic efficiency (reaching about 99%) are achieved (Fig. 2c) . The first experimental evidence was offered by this research about reversible electrochemical storage of Na in layered self-standing MoS 2 composite electrodes. It opens new avenues for the applications of large scale free-standing binder-free flexible sodium electrodes for flexible energy storage devices. Limited by the low chemical reactivity of Mo and Se, the application of MoSe 2 for SIBs has been rarely investigated so far. Recently flexible MoSe 2 /carbon cloth composites were also fabricated by solvothermal method [43] . And it exhibited superior electrochemical performance for SIBs.
In addition, Xiong et al. [39] developed a simple and scalable electrospinning method to synthesize flexible membranes comprised of MoS 2 /carbon nanofibers (CNFs). In this composite, the few-layered MoS 2 was embedded in CNFs. Na + and electron diffusion distances were greatly shortened, which enhanced the electrical conductivity of MoS 2 electrodes. The composite films demonstrated superior membrane flexibility and can be cut into disks when used as flexible free-standing and binder-free electrodes (Fig. 2d ). When MoS 2 -CNFs films were used as the work- ing electrodes, the batteries exhibited excellent reversible capacities, superior rate capacity and outstanding cyclability (Fig. 2e) . Other flexible nanocomposite membranes may also be fabricated by this present strategy for high performance binder-free electrodes serving as future flexible SIBs. In addition to MoS 2 , layered WS 2 material has also exhibited a great deal of attentions for SIBs in these years. Owing to large volume expansions for Na + storage, WS 2 suffered from poor cycling performance.
To address this problem, Choi et al. [44] prepared WS 2 nanosheet-decorated three-dimensional reduced graphene oxide (3D-RGO) microspheres. When acted as anode materials for SIB, the hybrid demonstrated superior property. Another noteworthy advance in flexible SIBs was the introduction of nanocellulose, an aqueous solution to efficiently disperse 2D materials. Owing to the superior flexibility of 2D MoS 2 materials, Li et al. [40] prepared transparent freestanding MoS 2 films (a thickness of 10 μm) by this method (Fig. 2f) . Homogenous MoS 2 /nanofibrillated cellulose (NFC)/carbon nanotubes (CNT) electrode composites were also evaluated as SIB working electrode. As a result, the first cycle discharge capacity at 10 mA g -1 was about 147 mA h g -1 in the range of 0.1-2.35 V, which was higher than the pure MoS 2 paper battery anode (Fig. 2g) . Overall, the feasibility of using NFC dispersed MoS 2 films is effectively demonstrated as SIB anodes for potential flexible battery applications. For the first time, Share et al. [45] prepared WSe 2 as anode material for sodium storage.
By comparing the energetics of WSe 2 with WS 2 electrodes, an obvious reduced overpotential of 0.26 V was achieved. WSe 2 displayed an excellent electrochemical performance, reversible specific capacity of more than 200 mA h g -1 (20 mA g -1 ) and maintained 60% capacity (400 mA g -1 ). And it highlights the promising and practical SIBs application of WSe 2 , which predicts its potential application in flexible sodium ion storage. By further improving and optimizing the already promising performance, these newborn TMDs will have broad impact on flexible SIBs.
Other batteries
In addition to the flexible LIBs and SIBs for energy storage, there are rapid developments for flexible magnesium ion batteries [46] , potassium ion batteries [47] , lithium-O 2 batteries [48] and lithium sulfur batteries [49] for energy storage. With the development of science and technology, it will not be long before NB2DMs materials are applied to these batteries for flexible energy storage.
As has been described above, the NB2DMs such as MoS 2 , WS 2 and BP have been extensively studied for applications in flexible batteries. These materials all exhibit excellent performance in batteries, such as an enhanced specific capacity, superior cycle stability, rate capability, flexibility and so on. However, there is no doubt that the NB2DMs will have tremendous application in flexible batteries, and it will also boost the development of portable and wearable electronics.
Supercapacitors
In order to compensate for the lower power densities and relatively slow charging-discharging rates of rechargeable batteries, SCs have appeared as an alternative candidate to batteries and possess a great number of potential advantages in performance, including superior cycle life, ultrafast charging-discharging rates, and high power densities and so on. As one of the most promising energy storage devices, a new type of flexible SCs is attracting more and more attention owing to their high power density and great mechanical strength, which make them very suitable in future stretchable electronics.
The selection of active materials in SCs is significant and enormous efforts have been devoted to NB2DMs for their large field effective mobility, excellent stability, low cost and mechanical properties. Some newborn TMDs have been greatly explored in providing a huge potential for the development of flexible SCs with higher electrochemical performance. 6 and a threshold voltage of about -2 V [50] . In attempting to improve the coulombic efficiency, a solid-state, flexible, asymmetric SC with good rate, cycling stability, and improved energy density was created. The asymmetric SC can still be cycled reversibly with the cell voltage up to 1.4 V, indicating its favorable properties in storing energy. Different galvanostatic charge-discharge curves of the MoS 2 -rGO/multi-walled carbon nanotubes (MWCNT) SCs at charge-discharge current densities of 0.07 to 2 A cm -3 were shown in Fig. 3a . The asymmetric SCs can reversibly cycle with a cell voltage of 1.4 V, while at the same time the oxidation current becomes 1.6 V (Fig. 3c) . Inside of Fig. 3c was the photo of the SCs based on a glass slide. Fig. 3b exhibited the images of the tightly knotted MoS 2 /MWCNT and rGO/MWCNT fibers, indicating the great flexibility of the composites [21] . In another study, Liu et al. [46] synthesized a 2D tin selenide nanostructure with a simple solvent method. The as-exhibited high electrochemical performance and specific capacitance of these materials indicated a great potential in future electronic devices, including SCs. Zhang et al. [51] fabricated a new structure with crystallographic core/amorphous shuck (Ni 3 S 4 /MoS 2 ) by a one-step process. Combining the superiority of flexible amorphous shuck and great capacitance of the core, the structure showed great capacitance reservation of 90.7% after 3000 cycles at 10 A g −1 . A composite membrane was made from semi-conductive MoS 2 and submetallic graphene by Bissett et al. [52] and it exhibited a high electrochemical performance of great specific capacitance (∼11 mF cm −2 at 5 mV s −1 ), great energy storage property and especially excellent cycle life. Fig. 3d displayed the scanning electron microscopy (SEM) image of MoS 2 -graphene membrane (1:3). Fig. 3e showed the cyclic voltammograms (CVs) of the coin cells, from which we can get that the composite membrane (1:3) possessed superior capacitance compared to its individual components of MoS 2 or graphene [52] . Furthermore, Feng et al. [53] synthesized a VS 2 ultrathin nanosheets with less than five S-V-S atomic layers by exfoliation. The high-resolution transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) analysis of VS 2 were exhibited in Fig. 3f and it indicated the great crystallinity and displayed the microcosmic orientation along c axis of the materials, which provided a great potential for large applied devices. Figs 3g and h showed the ion migration route, which provides facile channels for ion transport, and schematic of the as-made SCs. Through vacuum filtration, the bulk VS 2 flakes can be reduced to a single orientated VS 2 thin film with high conductivity and high specific area for forming an in-plane SCs. The devices realized a specific capacitance of 4760 μF cm −2 in the 150 nm in-plane configuration and exhibited scarcely decrease after 1000 charge/discharge cycles [53] .
Recently, MoS 2 hierarchical nanospheres were synthesized by Javed et al. [54] via a facile hydrothermal method. In evaluating the electrochemical performance of this MoS 2 -based SCs, high capacitance behavior of these electrodes at a wide range of scan rates was discovered. Furthermore, they tested the electrochemical impedance spectroscopy (EIS) of the SCs by the small semicircle and it indicated a good electrical conductivity and low resistance. Meanwhile, the cycling stability was also tested and it showed only 3.5% decrease after 5000 cycles [54] . In another study, a defect-rich MoS 2 ultrathin film was prepared by a simple hydrothermal method. Due to its adequate unsaturated sulfur atoms, the as-constructed SCs exhibited unique electrochemical properties, such as high specific capacitance retention ratio, great power density and especially the cycling stability [55] . For further enhancing the cycling stability, self-supporting 3D MoS 2 /Ni(OH) 2 nanocomposites were synthesized via a simple microwave hydrothermal technique. The SCs based on the nanocomposites exhibited excellent long-time cycling stability that reserving 94.2% of the initial capacitance after 9000 cycles, and it still kept high capacitance of 14.07 mF cm −2 after the cycling. Therefore, this superb structure can have an application prospect for small, light-weight and flexible electronic devices [56] . Ratha et al. [57] synthesized a layer construction of WS 2 /RGO hybrids, considering its probable prospect as SC materials. They tested its electrochemical properties by using CV and charge-discharge cycles. The hybrids showed greatly enhanced capacitance of 350 F g −1 , higher than RGO and WS 2 sheets of 130 and 70 F g −1 [57] . WSe 2 can also be prepared for construction of SC, Chakravarty et al. [58] used a microwave methods to prepare WSe 2 -based unique structure, and its cycling stability and charging-discharging performance are greater than commonly prepared ones [58] .
As discussed above, several TMDs have been widely investigated. All of them showed a remarkable performance for flexible SCs, such as high capacitance, cycling stability, great conductivity, power density, stretchability and so on. Therefore, we have faith to believe that NB2DMs-based high performance flexible SCs will bring about drastic advances in technology and play a vital role in flexible electronics.
FLEXIBLE DEVICES RELATED TO ENERGY CONVERSION
The as-exhibited unique optoelectronic properties of the NB2DMs make them become the promising candidates for optoelectronic applications such as solar cells and photodetectors. NB2DMs-based hydrogen evolution devices and NGs possess good flexibility and promising performances, which are induced by their highly reactive edge sites and good electrical conductivity. The recent achievements of the devices related to energy conversion are discussed in the following section.
Optoelectronic devices
Flexible optoelectronic devices are mechanically stable electronics that can generate, detect, interact with or control light. NB2DMs with direct band gaps in the visible portion of the electromagnetic spectrum [12] , large exciton binding energies [59] , and strong photoluminescence [60] become the promising candidates for optoelectronic applications such as solar cells and photodetectors. Meanwhile, benefiting from their 2D geometry, those materials exhibit high compatibility with various fabrication methods such as chemical vapor deposition (CVD) [61] and it makes them very suitable to construct the flexible optoelectronic devices on the flexible substrates via direct growth or transferring.
Solar cells
A solar cell is an electrical device that converts the solar energy, which is renewable and green, directly into electricity via the photovoltaic effect. A range of flexible solar cells have been developed by utilizing the solar energy, which is one of the most abundant renewable energy. Those devices are built on p-n junctions or heterojunctions to produce electricity via the photovoltaic effect. Upon the illumination of light, the electron-hole pairs or free carriers of the active layers could be generated by the incident photons and photocurrent at the p-n junctions is generated. The extraordinary optoelectronic properties of NB2DMs such as efficient light absorption and direct band gap make them the permit building blocks of solar cells [62] [63] [64] [65] [66] [67] [68] [69] [70] .
Solar cells constructed by NB2DMs-based structures of other dimensions, such as pillar, wire and dot, have already been studied. Fan et al. [70] reported a photovoltaic structure where single-crystalline n-CdS nanopillar arrays were embedded in polycrystalline thin films of p-CdTe. Highly periodic anodic alumina membranes (AAMs) formed on aluminum foil substrates were utilized as the template to prepare the single-crystalline nanopillar. An SEM image of as-synthesized structures was shown in Fig. 4a . After AAMs were partially etched away, a 1 μm photoabsorption layer of p-type CdTe was then deposited via a CVD process. A bendable solar cell was realized via utilizing polydimethylsiloxane (PDMS) as a support substrate (inset of Fig. 4b ). Compared with planar structures, photoelectrodes based on CdSe nanopillar arrays could exhibit enhanced collection of low-energy photons. Therefore, an enhanced carrier collection efficiency was realized utilizing this nanopillar-array structure and the performance characterization of the as-prepared flexible solar cell was exhibited in Fig. 4b . The 2D monolayers of semiconducting (TMDs) possess direct band gaps and could absorb up to 5-10% of sunlight, which is one order of magnitude higher than that absorbed by GaAs or Si of the same thickness. However, the power-conversion efficiency (PCE) of the TMDC stack is only 1-2%, which is significantly lower than that of GaAs and Si [9] . Therefore, solar cells based on a heterojunction between monolayer MoS 2 and p-Si were created to achieve a higher PCE [68] . Cr/Ag layers were deposited on the p-type Si substrate, which removed the native oxide layer, as the back electrode. Monolayer MoS 2 was then transferred on the top of the substrate and a thin Al layer was deposited as the top electrode to facilitate carrier collection via creating an ohmic contact with the MoS 2 monolayer (Fig. 4c) . The J-V characteristics of the MoS 2 /p-Si heterojunction solar cell was exhibited and a PCE of 5.23% was achieved (Fig. 4d) . This work indicated that monolayer TMDs based heterojunctions could be the promising candidates of high-PCE solar cells. In addition, a strain induced effect could offer a new strategy to improve the solar energy conversion efficiency of a flexible solar cell. Pan et al. [63] reported the work of enhanced performance of n-CdS/p-Cu 2 S coaxial nanowire bendable solar cells via piezo-phototronics effect. The p-n homojunctions are a kind of structures which are constructed by two same semiconductors with opposite conduction types. Compare to heterojunctions, photovoltaic devices based on p-n homojunctions performed superior optoelectronic properties due to the perfect band alignment and negligible lattice mismatching. Shao et al. [69] reported a study of flexible photovoltaic devices based on CdS p-n homojunction. CdS nanoribbons (NRs) p-n homojunctions could be constructed by selectively decorating the NRs with MoO 3 nanodots (NDs) at defined area and the as-based flexible photovoltaic devices exhibited high PCE value of 5.48%.
Photodetectors
Photodetectors are energy conversion electronics that can convert light signals to electric signals. Therefore, those devices could be applied in various practical applications like imaging, communication devices and various sensors for safety monitoring and possess significant importance in our daily life. The basic theory of photodetectors is similar to that of photovoltaic devices. Upon the excitation of light, the bound electron-hole pairs are generated by the incident photons whose energy is greater than the band gap of the semiconductor and the yielded photocurrent is correlated with light intensity [15] . Compared to silicon with an indirect band gap or graphene without a band gap [59] , NB2DMs with tunable direct band gap and high absorption efficiency have emerged as potential candidates for next-generation flexible photodetectors [22, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] .
Monolayer MoS 2 , as one of the typical semiconductor with a direct band gap from the TMDs family, could be a promising material for photodetectors where the direct band gap would allow a high absorption coefficient and efficient electron-hole pair generation under photoexcitation. Lopez-Sanchez et al. [22] reported a work for ultrasensitive monolayer MoS 2 photodetector (Fig. 5a ) with a photoresponsivity of 880 A W -1 (Fig. 5b) , which is about six order of magnitudes higher than the previous report for monolayer graphene. This improvement was mainly induced by the direct band gap. In addition, the presence of a band gap and the high degree of electrostatic control could induce to a low dark current, which makes the monolayer MoS 2 -based photodetectors can be turned off. However, the devices suffered an intrinsic limitation of slow photoresponse dynamics and the resulted response time is long as 4 s. Chen et al. [73] reported the study of flexible photodetectors based on ultrathin Bi 2 S 3 nanosheets (Fig. 5c ) and the devices exhibited relatively fast response time as 10 μs (Fig.  5d) . The bulk direct band gap of 1.3 eV and large absorption coefficient of Bi 2 S 3 makes it a promising active material of broadband photodetectors. The fast response time can be attributed to the contact quality and intrinsic properties of the active layer. The Bi 2 S 3 nanosheets performed in the devices were synthesized from the reaction of triphenyl bismuth with dibenzyl disulfide and a thickness down to 2.2 nm was achieved for the first time. Meanwhile, the Bi 2 S 3 nanosheets-based bendable photodetectors were fabricated on the polyethylene terephthalate (PET) substrates via a facile drop-deposition process. The as-prepared device showed excellent photoresponse properties with a responsivity of 4.4 A W −1 .
Photodetection range is another crucial index to evaluate the performance of photodetectors [75] . InSe exhibits stronger quantum confinement compared to those of the other group IIIA−VIA family due to its narrower band gap and smaller exciton reduced mass. This makes it possible to achieve the controllability of the band gap of the constructing materials for the spectrally tunable devices. Thus, broadband photodetection from the visible to nearinfrared region (450−785 nm) with high photoresponsivities of~12.3 A W −1 was achieved by few layer InSe-based photodetectors [78] . Flexible devices were also fabricated utilizing PET substrates and exfoliated InSe samples (Fig.  5e) . The photoresponsivity and photoswitching stability of the devices were performed well before and after bending and the measured data were comparable to the value of the devices on the SiO 2 /Si substrates (Fig. 5f) . Meanwhile, the few-layered InSe photodetectors also exhibited long-termstable photoswitching performance. Pb 1−x Sn x Se, a kind of topological crystalline insulators with a narrow band gap (0.43 eV), was utilized to construct photodetectors with bored spectra response, which is ranging from ultraviolet (UV) to infrared light (375, 473, 632, 800, and 980 nm) [84] . The growth of Pb 1−x Sn x Se nanoplates with a thickness of ∼15−45 nm were realized by van der Waals epitaxy (vdWE) strategy on mica sheets. Flexible photodetectors were then fabricated (Fig. 5g) and the as-prepared devices exhibited fast, stable, and reversible photoresponse even after being bent for 100 times (Fig. 5h) . It indicated that 2D Pb 1−x Sn x Se-based photodetectors on mica sheets possess great potential in flexible and wearable optoelectronic applications. We believe that further exploration of various NB2DMs is of great significance to be executed to the performance of flexible optoelectronic devices.
Hydrogen evolution
Over use of fossil fuels has a significant influence on air pollution and global warming. Therefore, developing a clean, renewable alternative energy source to replace fossil fuels is in urgent need. Among the multifarious energy strategies, fabricating a universal flexible energy structure where hydrogen is employed as the energy source can bring about a cleaner energy future. An applicable method of H 2 production is the electrolysis of water. In this way, this reaction requires catalysts to reduce the overpotential (the difference between the applied potential and thermodynamic potential of a given electrochemical reaction). Beyond the most efficient catalysts like platinum group metals, non-noble metal compounds are abundant on earth, such as TMDs. They have been widely used in the past decade owing to their high specific surface area and electronic properties. Therefore, making full use of them in hydrogen evolution reaction (HER) is significant in meeting the energy consumption present at a large scale. Highly active and flexible inexpensive hydrogen evolution catalysts are required to make the water splitting process more efficient, economical and nimble.
To make the HER perform better, Zhang et al. [85] reported the controllable synthesis of arborescent, transferable and rigid monolayer MoS 2 on SrTiO 3 by CVD method. Then the MoS 2 layers with different coverage and domain sizes were transferred to Au foils for HER activity testing. As expected, Tafel slope reached 73 mV/decade, which is lower than the previous one grown on glassy carbon electrodes. With rapidly increasing demand, an edge-oriented MoS 2 film was obtained by reaction of sulfur with Mo oxide sponge, as shown in Fig. 6a . After reacting with sulfur, the color of Mo foil becomes gray, meanwhile, the MoS 2 on the Mo foils shows great flexibility (Fig. 6b) . Excellent activity and long-time cycling stability were shown in the HER measurement. Fig. 6c indicated the optimal annealing time for edge-oriented MoS 2 films and it can be concluded that too long or too short annealing time will lead to an improper overpotential [86] . Compared to MoS 2 , cobalt sulfides have been employed as an efficient catalysts in oxygen reduction reactions (ORR). Peng et al. [87] prepared a conductive, flexible and ropy CoS 2 /rGO-CNT nanostructure for its potential use in wearable electronics. Fig. 6d showed a schematic graph of the prepared CoS 2 /rGO-CNT film. The obtained film with unique 3D structures exhibited excellent HER performance with a Tafel slope of about 51 mV/decade. From Fig. 6e we can get the information that the composite film showed better HER properties than bare CoS 2 or CoS 2 /rGO. (The bare CoS 2 and CoS 2 /rGO were tested based on glassy carbon electrodes, and all samples were tested in a 0.5 mol L −1 H 2 SO 4 ). Moreover, TMDs are also used for solar hydrogen production, for example, Benck et al. [88] designed a structure of silicon photocathodes loaded by MoS 2 nanomaterials. In this study, they found that MoS 2 -n + p Si photocathode structure showed the onset potential of -0.25V vs. RHE and great durability of more than 24 h. In another work, a new composite film of MoSe 2 -rGO/polyimide was synthesized. Then the photoelectric properties was tested and a special behavior different from other HER catalysis was exhibited. It had a photo-free character whether in dark or irradiation. A favorable effect and good stability of the devices were shown. After 100 cycles, it still kept a Tafel slope of 82 mV per dec [89] . Mo 2 C, as a new two-dimensional material, also have been studied as the solar hydrogen production catalyst. Fig. 6f displayed the SEM image of the photocathode based on Mo 2 C, where different layers were visible.
The photocathode exhibited high activity and good stability both in H 2 SO 4 and KOH, as shown in Fig. 6g and h. The performance was superior to that of W 2 C deposited on c-Si photocathodes and was only to support the Pt catalyst [90] .
Nanogenerators
NGs based on nanoscale materials have so far been developed for effective power generation. This device has the potential to largely improve the capability of mechanical energy harvesting with compact designs, which might eventually lead to an effective power supply for self-powered systems with much higher energy density and efficiency, longer lifetime as well as lower cost. With the rapid development of technology, there are so many convenient and wearable electronic devices, such as flexible circuitries, pliable sensors, stretchable displays, epidermal electronics and implantable devices. So the demands for flexible and efficient energy harvesting and storage devices have increased. Herein, a new age of electronics should be invented with appropriate shapes as well as maintaining the high-performance of the device. Taking this into consideration, there are so many difficulties proposed in front of us, such as a sustainable power source supply, obbligato wire connections and convenient operations. An efficient way to solve the difficulties is to integrate NB2DMs with a power generator to scavenge the environmental energy, especially for the mechanical energy from stretching motions. There have been so many groups made their attempts to develop flexible and stretchable power generators. However, the output performances of the devices still need further enhancement for practical applications. Wu et al. [91] had first synthesized a piezoelectric NG with a single-atomic-layer MoS 2 in 2014, which exhibited the piezoelectric properties and energy conversion efficiency of 2D MoS 2 . They used a mechanically exfoliated method to prepare MoS 2 flakes and then tested its piezoelectric response via acting the strain on the device. Then, they found that polarization charges can push the electrons flow in circuit external at the edges of the sample. Furthermore, they discovered the relationship between the layer of MoS 2 and piezoelectric signal. They found that no signal was detected when the atomic layer was even number or bulk, but a strong second-harmonic generation (SHG) intensity was detected when the atomic layer number is odd. Finally, they constructed an array of single-layer MoS 2 flakes for energy conversion device. No matter the flakes were connected in series or in parallel, the array can lead to an enhancement to the output voltages or currents [91] . In conclusion, flexible NGs can be a reliable and stable power source for flexible device. Although not much progress has been made in this field, we believe that the introduction of NB2DMs can promote its development greatly.
SUMMARY AND OUTLOOK
We have briefly reviewed the recent progress in the nextgeneration flexible energy storage and conversion systems based on the NB2DMs. This category of atomic-scale materials exhibited excellent mechanical stability, novel optoelectronic properties, high theoretical specific capacity and power density. Therefore, they had been attracting tremendous attention in multidisciplinary subjects related to flexible energy conversion and storage processes. In this minireview, the main part was devoted to introducing recent studies on the applications in flexible energy conversion devices including solar cells, photodetectors, fuel cells, hydrogen evolution devices and NGs, and those energy storage devices including SCs and batteries. One can find that the NB2DMs with unique features beyond the main properties (specific capacity for batteries or band gaps for optoelectronic devices) can attract more attention of the researchers, which can lead to the construction of devices for special purpose, e.g., WSe 2 can be employed as the anode material of SIBs to realize an obvious reduced overpotential. Therefore, discovering the unique NB2DMs and applying them to the proper devices will be one of the most familiar ways that possess great potential in the near future. One of the powerful evidences is that the extremely weak van der waals coupling of ReS 2 can construct a high-current-density LIB. [17] However, there are still many challenges to be addressed for realizing it. For example, developing 2D materials with both high electric conductivity and optoelectronic performance remains a challenge. Fabricating composites with high-conductivity graphene is still required for those materials to be applied in batteries or SCs. Hence, to explore novel NB2DMs with desirable optoelectronic properties (e.g., tunable direct band gaps), high theoretical specific capacity and good conductivity are of great significance to overcome the limitations of nowaday wearable devices. We believe that it can promote the practical applications of the flexible energy devices and the systems will emerge to our daily life accompanying with the technological breakthroughs in material production and device design. To sum up, NB2DMs pave a new way for the construction of next-generation flexible energy devices with improved performance and we believe the related applications will be seen in our daily lives and improve our lifestyle.
